This letter describes a soft lithographic approach for fabricating low-cost, low-loss microlens arrays. An accurate negative reproduction ͑stamp͒ of an existing high-quality lens surface ͑master͒ is made by thermally curing a prepolymer to a silicone elastomer against the master. Fabricating the stamp on a rigid backing plate minimizes distortion of its surface relief. Dispensing a liquid photocurable epoxy loaded to high weight percent with functionalized silica nanoparticles into the features of relief on the mold and then curing this material with UV radiation against a quartz substrate generates a replica lens array. The physical and optical characteristics of the resulting lenses suggest that the approach will be suitable for a range of applications in micro and integrated optics.
Microlens arrays are used in many optical components, such as fiber bundles, optical switches, charge-coupleddevice ͑CCD͒ cameras, light-emitting diode ͑LED͒ arrays, etc. There are many approaches for making lens arrays: ͑1͒ ink-jet processes to form lenses from ultraviolet ͑UV͒ curable polymers, 1 ͑2͒ hot embossing to imprint lenses in polycarbonate or similar materials, 2 ͑3͒ photoresist reflow, via surface tension and dry etch, to pattern lenses with spherical surfaces, 3 and ͑4͒ replication of lenses by molding UV curable epoxies against rigid or elastomeric molds. 4 Method 1 has the difficulty of tailoring the surface shape of the lens if aspherical elements are required. Approach 2 yields distorted surfaces due to significant material shrinkage after embossing. Approach 3 is expensive, requiring use of clean-room facilities and extensive process control. The replication process offers significant possibilities for reducing the cost of lens array manufacture when large volumes are required. The bulk of the cost is in the fabrication of one good master array. The soft lithographic approach uses an elastomeric mold, which, due to its mechanical flexibility and low surface energy, releases easily and nondestructively from the molded part. Technically demanding applications require environmentally stable materials with good optical properties that can be molded with high fidelity. This letter provides solutions to the two most important problems for applications of soft lithography in photonics: ͑1͒ a means for eliminating distortions of the soft, elastomeric molds during their fabrication and use, and ͑2͒ composite organic/inorganic photocurable materials that are both moldable and able to satisfy all of the relevant optical and physical requirements.
A master lens array is first coated with an antistiction agent ͑tridecafluoro-1,1,2,2-tetrahydrooctyl͒-1-trichlorosilane ͓C 6 F 13 CH 2 CH 2 SiCl 3 ͔ ͑UCT ® Inc.͒, henceforth referred to as trichlorosilane (R-SiCl 3 ). Upon contact with surface moisture, it hydrolyzes and forms a siloxane linkage ͑Si-O-Si͒ with the surface of the lens array. The R group is an organic radical that has the antistiction property. Further details of silane chemistry can be found in the literature. 5, 6 The master lens array is placed on a glass slide, also coated with trichlorosilane. A clean, rigid glass backing plate with low coefficient of thermal expansion ͑preferably quartz͒ is placed on 1 mm thick spacers above the lens array. This setup is placed in a Petri dish. Dimethylsiloxane monomer with a polymerizing catalyst ͑in ratio 5:1͒ is dispensed into the Petri dish to cover the setup. Upon curing in an oven (65°C for 5 h/40°C for 24 h͒, a poly-dimethylsiloxane ͑PDMS͒ elastomer, ϳ1 mm in thickness is formed. PDMS adheres only to the surface of the glass backing plate, since it is not coated with the antistiction layer, but not on the lens surface or the glass plate it is placed on, enabling it to be peeled off after cure. A negative replica of the lens surface in PDMS is then available on the rigid backing plate. Cured PDMS exhibits a large coefficient of thermal expansion ͑CTE͒ of about 310 ppm/°C. ing ANSYS ® software ͑Fig. 1͒ indicate that distortion is smallest in areas far from the edges. Stamps with smaller aspect ratios ͑height/width͒ provide larger, low distortion areas for high fidelity replication. For a 1 mm thick stamp, the region of distortion around the edge is about a couple of millimeters. By having a buffer space ͑about a few millimeters͒ around the edges of the master, an accurate negative replica of the surface features away from the edges can be made.
UV curable epoxy ͑Polyset Inc.͒ with volumetric shrinkage Ͻ0.2% is dispensed on the stamp to fill the lens cavities. A quartz backing plate is gently placed to cover the epoxy and is exposed to UV radiation. The epoxy cures and yields an array of lenses adhering to the quartz plate ͑Fig. 2͒. The lens array is peeled off from the mold by gently lifting one edge of the backing plate. The epoxy is loaded with silica nanoparticles ͑Nissan Chemical Industries, IPA-ST-S, 9-11 nm diameter, colloidal solution in iso-propyl alcohol͒. The colloidal silica is reacted with 3-glycidyloxypropyl trimethoxysilane to form a resin encapsulation before mixing with the epoxy. Upon cure, it forms a crosslinked network with the epoxy that restricts nanoparticle movement and hence agglomeration. We have used 19 wt % loading. The detailed chemistry of the nanoparticle loading can be found in Ref. 5. The loaded epoxy upon cure exhibits a Shore D hardness of 88 compared to a value of about 70 for the unloaded epoxy. The nanoparticle filled epoxy would also be more resistant to moisture penetration due to the higher degree of crosslinking in the presence of the nanoparticles. Upon aging 25 m thick epoxy films spun on quartz disks, at 85°C and 85% relative humidity for 72 h, samples with Polyset resin alone became slightly hazy. The nanoparticle loaded epoxy remained clear. Lenses made with loaded epoxy remained clear after heating at 140°C in atmosphere for 120 h, while those made with unloaded epoxy cracked. This is due to stresses induced in the film caused by the CTE mismatch between the unloaded epoxy and backing plate. Although the CTE values of the loaded epoxy were not measured, this means that they must be lower than the unloaded epoxy. Subsequent tests were performed using loaded epoxy alone. The smallest available silica nanoparticles have been used for loading to minimize Rayleigh scattering losses. The fraction of incident energy scattered by a nanoparticle Q sca , depends on the radius a as Q sca ␣ a 4 for light of wavelength Ͼ10a.
10 An epoxy with 100 nm particles would scatter 10 4 times more light than one with 10 nm particles ͑for equal particle density͒ at a given wavelength, and consequently exhibit much higher scattering loss. Fourier-transform infrared spectroscopy studies were performed 5 on films of the loaded and unloaded epoxy to characterize loss. We were not able to distinguish between the baselines of the spectra for both cases, indicating minimal increase in scattering due to addition of the nanoparticles. The absorbance loss is about ϳ0.003 dB/m at 1.31 m wavelength. Figure 3͑a͒ shows the replicated lens on the quartz backing plate, and Fig. 3͑b͒ shows the enlarged view of the lenses. Figure 4 compares the surface profiles of the master and the replicated lens. The plots were obtained using a Wyko scanning optical profiler.
11 The instrument generates height information by interference of light reflected off the lens surface. At the edges of the lenses, the slope is large, resulting in fringes too fine for the instrument to resolve and FIG. 1. ͑Color͒ ͑a͒ Cross-section view of lateral distortion of the stamp for various aspect ratios. Blue have maximum distortion and red regions have minimal distortion. The rigid plate is at the bottom of each cross section. If the aspect ratio of the stamp ͑height/width͒ is low, the central regions have minimal distortion; ͑b͒ top view of the edge ͑right͒ of the stamp. Only one quadrant of the stamp is shown. These plots were obtained using ANSYS® simulation software. The peak distortion ͑P͒ is Ϫ4.57 m ͑contraction͒ and is limited to the edges. Central regions ͑C͒ have distortion of less than 1 m.
FIG. 2. Replication process:
UV curable epoxy is dispensed into the lens cavities of the stamp ͑a͒. A lens backing plate is placed on the stamp to cover the epoxy ͑b͒ and irradiated in UV light ͑c͒. After curing the stamp is peeled off giving the replicated lens array ͑d͒.
generate data. Only the central regions of the lenses are in the optical path, and hence only the profiles in this area are of interest. It can be observed that the replica is a faithful reproduction of the master in this region. Table I compares properties of the master and the replica. The X and Y lattice lengths were extracted using a fit to a rectangular lattice. All the measurements were performed at room temperature. It can be seen that the lens-to-lens positional placement errors are smaller than 2 m. This implies that the stamp has not shrunk laterally. Curing the stamp at a lower temperature results in smaller rms fit error, and this results in a stamp with lattice spacing closer to unheated master because the master does not expand as much. Focal length profiles were obtained using a scanning beam profiler to scan for the focus spot in space. Loss measurements were made by coupling light from a fiber to the lens and then back into the fiber after reflection from a mirror at the focal point. This setup mimics an application where a microlens and a steerable micromirror couples light from one fiber to another in a multichannel fiber-optic switch. An optical circulator separated the reflected light, and intensity ͑loss͒ was measured by a power meter after calibrating the system as necessary. Comparable loss results indicate that the lens behavior has also been closely replicated. Since the epoxy is only about 60 m thick, its absorption does not impose a significant power penalty ͑less than 0.18 dB͒. The losses decrease by 0.07 dB after heating at 140°C, but increase by 2-3 dB after subjecting to humidity greater than 85%. Moisture penetration along the quartz-epoxy interface near the edges, leading to decrease in adhesion, would explain higher losses at elevated humidity. This could be avoided if the entire quartz surface is coated with a layer of epoxy.
To summarize, we have fabricated microlens arrays by a soft lithography replication process. The lens performance is comparable to that of the master both in focal-length distribution and loss. The lenses were also found to withstand a wide range of temperature conditions necessary for a commercial application. This process can be used to manufacture other micro-optical components like gratings, waveguides, etc., enabling low-cost integrated optical devices. 
